Assessing the three-dimensional architecture of neuronal tissues with sub-cellular resolution presents a significant analytical challenge. Overcoming the limitations associated with serial slicing, phase-contrast x-ray tomography has the potential to contribute to this goal. Even compact laboratory CT at an optimized liquid-metal jet microfocus source combined with suitable phase-retrieval algorithms and preparation protocols can yield renderings with single cell sensitivity in millimeter sized brain areas of mouse. Here, we show the capabilities of the setup by imaging a Golgi-Cox impregnated mouse brain. Towards higher resolution we extend these studies at our recently upgraded waveguide-based cone-beam holo-tomography instrument GINIX at DESY. This setup allows high resolution recordings with adjustable field of view and resolution, down to the voxel sizes in the range of a few ten nanometers. The recent results make us confident that important issues of neuronal connectivity can be addressed by these methods, and that 3D (virtual) histology with nanoscale resolution will become an attractive modality for neuroscience research.
INTRODUCTION
Understanding the three-dimensional cytoarchitecture and connectivity of neuronal tissue represents a major challenge in neuroscience research as it plays an essential role in the task of fully understanding the brain. Methods like histological sectioning, 1 light sheet fluorescence microscopy, 2 magnetic resonance imaging 3 or serial block-face electron microscopy 4 are the scientific standard but each method faces its own challenges like invasive sample preparation or lack of contrast or resolution. x-ray computed tomography is a promising approach for deciphering the cytoarchitecture and connectivity of the brain in a non-invasive manner as the small wavelength and high penetration depth enable a high three-dimensional resolution in relatively large specimens. Classical computed tomography relies on the absorption of the x-rays while passing through the sample. This leads to sufficient contrast for highly absorbing structures like the bones but only yields a low contrast for weak absorbing soft tissue like the brain. The real part of the x-ray index of refraction n(r) = 1 − δ(r) + iβ(r), the decrement δ, gives rise to a a sample-induced phase shift and is up to 1000 times larger for hard x-rays and soft tissue than the extinction coefficient β leading to the absorption of the beam. Therefore the phase shift instead of the absorption should be exploited for contrast formation. As it is not possible to measure the phase of the x-ray beam directly, this phase shift has to become visible. This can ,e.g., be achieved via Zernike-based phase contrast, 5 Talbot interferometry, 6, 7 edge-illumination 8, 9 or speckle-based phase contrast. 10 For high resolution reconstructions contrast formation by free space propagation behind the object 11-13 is a well suited method enabling a resolution in the range of a few ten nanometers in two dimensions.
14 Interference of the disturbed wavefronts leads to characteristic intensity modulations in the detector plane which are then used to reconstruct the phase information of the object with suitable phase-retrieval algorithms. 15 Due to the high degree of coherence needed for the interference of the disturbed wavefronts, propagation-based phase-contrast imaging was long believed to be a sole synchrotron-based technique. However, with the invention of new x-ray microfocus sources, delivering a relatively high flux while simultaneously providing a sufficiently high degree of partial coherence, this imaging technique can also be employed at laboratory setups. Here we present propagation-based phase-contrast tomography of mouse neuronal tissue stained with the GolgiCox impregnation technique to get high contrast within the tissue in order to resolve the structure of single neurons as well as the connectivity between selected cells in 3D. We investigate the sample at our laboratory setup consisting of a liquid-metal jet microfocus source and compare it to measurements taken at the P10 beamline at DESY (Hamburg), showing that sub-cellular resolution in relatively large brain samples is possible at both setups and that even issues of connectivity might be answered by combining the synchrotron setup with suitable sample preparation and phase-retrieval algorithms.
Phase-retrieval algorithms In order to get quantitative reconstructions of the three-dimensional density distribution in the sample, the integrated phase information of the object in one projection image has to be reconstructed from the measured intensity images. To this end, two phase-retrieval algorithms are applied in the following, both imposing different requirements on the sample. For weak objects and small propagation distances z between the object and the detector, the transport of intensity equation (TIE) can be linearized, leading to an intensity distribution
15 (with I 0,θ (r ⊥ ) and φ θ (r ⊥ ) being the intensity and phase distribution directly behind the object). Due to the Laplacian relationship between the phase information of the object and the measured intensity image, phase contrast typically appears in this so-called direct contrast regime as edge-enhancement. In Fourier space it can be inverted via a filter of the form − 1 |k ⊥ | 2 with k ⊥ = (k x , k y ) being the lateral twodimensional coordinate vector in reciprocal space. To account for the singularity at |k ⊥ | = 0 and weak residual absorption, a regularization parameter α can be added to the denominator of the filter, leading to the so-called Modified Bronnikov Algorithm (MBA) for phase retrieval. 16 For weak absorbing objects this algorithm provides sharp quantitative reconstructions whereas for objects with non-negligible absorption the reconstructions get blurred. In this case the approximated phase φ † θ (r ⊥ ), obtained using the MBA scheme, can be used to get a sharp reconstruction of the intensity distribution directly behind the object via
with the α-dependent regularization parameter γ. This reconstruction scheme is known as the Bronnikov Aided Correction (BAC).
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For larger propagation distances the imaging regime shifts to the holographic region where phase contrast is visible in multiple fringes appearing around the object. In this case an algorithm based on the contrast transfer function (CTF) can be used. The CTF is valid for objects showing a weak absorption and a slowly varying phase, 18 assumptions which are often fulfilled by biological specimens. According to the CTF the intensity distribution in reciprocal space is given byĨ(
and φ(r ⊥ ) = −k δ(r)dz and B(r ⊥ ) = k β(r)dz being the changes in phase and amplitude due to the decrement and extinction coefficient of the refractive index. For objects with a negligible absorption (B φ) this equation can further be simplified by ignoring the last term. According to the CTF the sin χ-function acts as a filter for the phase in reciprocal phase, leading to a loss of information for specific spatial frequencies due to the zero crossings of the sine function. In order to be able to reconstruct the phase without artifacts, intensity images at different propagation distances can be recorded to account for these frequencies.
11, 19 Via a least square minimization a reconstruction formula for the phase information of an object with negligible absorption can be obtained:
The additional frequency-dependent regularization parameter α(k ⊥ ) is added to account for remaining zeros of the denominator. Due to the different nature of the zero crossings at |k ⊥ | = 0 and |k ⊥ | > 0 the regularization parameter is defined differently for high and low spatial frequencies. Even for objects with non-negligible weak absorption a reconstruction formula can be found. Under the assumption of a homogeneous object with φ(r ⊥ ) = − Figure 1 . Experimental setups. a Schematics of the laboratory setup. The x-rays are generated by a liquid-metal jet source, enabling a small source spot in combination with a relatively high flux, and directly pass the sample without any further optical elements. Some distance behind the object the detector is recording the modulated intensity pattern. b Image of an absorbing test pattern showing a resolution of 800 nm in 2D, both in horizontal and vertical direction. c Schematics of the GINIX setup at the P10 beamline at DESY (Hamburg). The x-rays are generated by an undulator and, after several beam shaping elements as well as a Si(111) channel-cut monochromator, focussed by a Kirkpatrick-Baez (KB) mirror system. A waveguide is placed into the focus of the KB mirrors to further minimize the effective source size, to generate a smooth illumination and to increase the coherence of the beam. Behind the waveguide the sample is placed, followed by a detector recording the intensity image approximately 5 m behind the sample.
can be retrieved via
with C m = sin χ m + β δ cos χ m and F ⊥ being the two-dimensional lateral Fourier transform previously denoted as˜.
EXPERIMENTAL SETUP

Laboratory Setup
In the laboratory setup (see Fig. 1a) , the x-rays are generated by a liquid-metal jet source (Excillum, Stockholm, Sweden), providing the necessary partial coherence of the beam by allowing for small spot sizes while at the same time delivering a higher flux compared to conventional x-ray sources. The anode material is galinstan, an alloy consisting of gallium, indium and tin, which is liquid at room temperature and has its peak energy at 9.25 keV. Without any further beam-shaping optics the sample is positioned directly behind the exit window of the source at a variable distance z 1 to the source spot. It is mounted on a sample tower with three translational and one rotational axes which allow for tomographic measurements of the desired part of the sample. Additionally, two further translational axes parallel and perpendicular to the beam are mounted underneath the sample tower to vary the distance of the sample to the source and to align the rotation axis with respect to the optical axis. At an adjustable distance z 2 behind the object, the detector is placed on a motorized detector stage with two translations perpendicular to the optical axis which allow for the alignment of the pitch angle and the zero position of the rotation.
Due to the cone-beam geometry of the setup, a high resolution of the imaging system can either be achieved by choosing a high magnification M (z 1 z 2 ) leading to a small effective pixel size dx eff = dx M of the detector or by choosing a low magnification (z 1 z 2 ) and implementing a high resolution detector instead. 20 In the first case the resolution is limited by the source spot dimensions whereas in the last case the detector PSF is the limiting factor. As the minimal spot size of the source lies in the range of 4 µm we chose the second approach in order to obtain the highest possible resolution. For this purpose, the lens-coupled single-crystal scintillator-based CCD camera XSight (Rigaku, Prague, Czech Republic) with a pixel size of 540 nm has been installed in the setup. This leads to an actual resolution of 800 nm in 2D, as qualitatively determined by a test pattern (Fig.  1b) .
2.2 GINIX setup at the P10 beamline at DESY To achieve higher resolution, additional measurements have also been performed with synchrotron radiation. To this end, the GINIX endstation [21] [22] [23] installed at the P10 beamline at DESY in Hamburg, was used (Fig.  1c) . The x-rays are generated by an undulator and after several beam defining components including a Si(111) channel-cut monochromator focussed by a Kirkpatrick-Baez (KB) mirror system to a size of about 300×300 nm 2 . To further optimize the illumination with respect to shape, coherence and focal spot, a waveguide is placed into the KB focus. 24, 25 The effect of the waveguide on the illumination is illustrated in Fig. 2 . The 2D waveguide system is realized by two crossed planar multilayer waveguides with lengths l 1 and l 2 , respectively, each with a guiding layer of carbon with width d = 81 nm (see Tab. 1). Using the waveguide as source for the holographic cone-beam imaging, higher resolution can be achieved than with just the KB beam, at the cost of smaller flux. However, progress in waveguide fabrication 25 along with a choice of larger guiding layer width d compared to 24, 25 has resulted in a fairly high exit flux (see Tab. 1), enabling short acquisition times. Moreover, as can be seen in the farfield images with ( Fig. 2c ) and without ( Fig. 2b ) the waveguide, the illumination is significantly smoothed and does not show the wavefront distortions (stripe pattern) typical for KB farfields. This facilitates the empty-beam correction.
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The sample is positioned on a motorized tower at a distance z 1 behind the waveguide. The sample tower has two translational and one rotational axes for tomographic measurements, as well as two translational and one rotational axes to align the rotation axis with respect to the optical axis, to change the waveguide-sample distance z 1 and to align the pitch angle of the rotation axis. The position of the sample with respect to the beam can be aligned with an on-axis-view (OAV) microscope. The detector is placed at a distance z 2 of approximately In between, a flight tube prevents absorption of the x-rays in air.
Images are recorded by a sCMOS camera with a fibre-coupled scintillator, converting the x-rays to visible light. In the case of the Epon embedded sample, the detector was equipped with a 20 µm single crystal LuAG:Ce scintillator (Hamamatsu, Tokyo, Japan). In the case of the hydrated samples (stained and unstained), a camera with a 15 µm Gadox scintillator was used (Photonic Science, Sussex, UK). The pixel size of both detectors is 6.5 µm. Based on the cone-beam geometry, the pixel size transforms via the geometrical magnification M = z1 z1+z2 to a demagnified effective pixel size dx eff = dx M .
Sample preparation 2.3.1 Golgi-Cox stained brain slices
A wild type mouse was anesthetized with CO 2 and perfused with 4 % para-formaldehyde (PFA) to ensure tissue preservation. Afterwards the brain was dissected and directly prepared for tissue staining following the FD Rapid GolgiStain TM Kit (FD NeuroTechnologies, Inc., Columbia, USA). Prior to the last step in the staining procedure, the brain was cut into 1 mm thick slices and afterwards either embedded in Epon (Serva, Heidelberg, Germany) or stored in PBS until the measurements. For the Epon embedding, the samples were first washed with PBS and H 2 O and subsequently dehydrated in an ascending acetone series (50% acetone: 5 min, 70% acetone: 5 min, 90% acetone: 5 min, 100% acetone: 3×5 min). Afterwards the sample was transferred into Epon (50% Epon in acetone for 30 min, 70% Epon in acetone for 30 min, 90% Epon in acetone for 30 min, 100% Epon for 30 min and over night in an embedding mould). As a final step, the Epon was polymerized at 60
• C for 24 h. For the measurement, the Epon block was cut around the edges of the sample to minimize absorption of the x-rays. For the hydrated samples, a liquid chamber was built based on two aluminum rings with a diameter of 5 cm and a width of 500 µm which were covered with polypropylene foil on one side. Two of those rings were then glued together to build a chamber, after putting the brain slice as well as a small amount of PBS on one of the foils (see Fig. 8a and b) . The orientation of the aluminum rings was chosen in such a way that the resulting chamber width equals the thickness of the brain slice. In this way, the sample was held in place by the pressure of the two polypropylene foils.
Unstained brain slice
A wild type mouse was anesthetized with CO 2 and perfused with 10% sucrose solution for 10 minutes. Afterwards the brain was dissected and fixed over night with 1% para-formaldehyde and 1% glutaraldehyde. The fully fixed brain was cut into slices of 500 µm and 1 mm thickness and stored in PBS until the measurement. The sample mounting at the beamline was performed as in the case of the hydrated Golgi-Cox stained brain slices.
RESULTS
3.1 Epon embedded Golgi-Cox stained brain slice 3.1.1 Laboratory setup Figure 3a shows an overview of the sample, recorded at the laboratory setup. The source-sample-distance z 1 is 158.75 mm and the sample-detector-distance 22.5 mm, resulting in an effective pixel size of 0.47 µm. In order to image the whole sample, 15 neighboring projections have been recorded, each with an exposure time of 50 s, and virtually stitched together. For a better signal-to-noise ratio, the projections were resampled by a factor of 2. The neurons are already very well discernible in the the 2D projections, due to their sparse staining. Their morphology reveals that the brainslice is taken from the region of the hippocampus as this structure is clearly distinguishable. The large red rectangle marks the region of the recorded tomogram at the laboratory setup with a field of view of 1.18×1.57 mm 2 , whereas the smaller rectangles mark the regions of the measurements fr, f Figure 3 . Projection of the Epon embedded Golgi-Cox stained sample obtained with the different experimental configurations. a Overview scan of the sample at the laboratory setup. As the sample is too large for the field of view of the camera 15 projections at different positions of the sample were recorded and later stitched together. The large rectangle marks the position of the tomogram measured at the laboratory setup wheres the two smaller ones mark the positions of the two measurements at the synchrotron. b Flatfield-corrected projection of the tomogram obtained at the laboratory setup. To achieve a better signal-to-noise ratio the projection is resampled by a factor of 2. As the object is due to the silver mainly an absorbing structure the effect of the phase-retrieval is negligible. The rectangle marks the position of the synchrotron measurement with lower resolution c Flatfield-corrected projection recorded at the synchrotron at a pixel size of 182 nm (top) as well as the phase obtained by the CTF approach for weakly absorbing objects using four propagation distances. The rectangle marks the position of the zoom measurement. In contrast to the laboratory measurement, phase-contrast effects are clearly visible due to the higher degree of coherence and longer propagation distance. d Projection of the zoom measurement obtained at the synchrotron with a pixel size of 63 nm (top) and the corresponding phase again reconstructed with the CTF algorithm from four propagation distances.
at the P10 beamline. One exemplary projection of the laboratory tomogram is depicted in Fig. 3b with an inset showing part of the projection at higher magnification. This part corresponds to the position of the lower resolution tomogram recorded at the P10 beamline, presented in section 3.1.2. For the tomogram, 2000 projections were recorded over 180
• with an exposure time of 100 s (see Tab. 2 for a summary of the experimental parameters). Due to the stable sample preparation, these long exposure times should not lead to alterations of the sample during the measurement. The BAC phase retrieval is performed on each projection image with the parameters α = 0.03 and β = 0.15. The effect of the phase retrieval is however rather small, as the contrast of the object is dominated by absorption due to the large Z-value of silver. Tomographic reconstruction is performed with the ASTRA toolbox.
27, 28 One transversal slice through Fig. 4a . It becomes evident that motion artifacts have occurred which lead to disturbed reconstructions. In view of the stable sample preparation, it is highly likely that these motion artifacts arise from temperature drifts and associated thermal expansion of the specimen as well as its holders made mainly from aluminum. Under the assumption of merely translational movements, however, these artifacts can be corrected for.
Translational motion correction For the vertical motion, the linogram of the tomographic scan can be used for correction. To this end, all projections are horizontally integrated and the resulting profile is plotted against the rotation angle (Fig. 4b) . In the absence of vertical movements, this should result in straight horizontal lines. Therefore by aligning the projections to each other, an undistorted linogram is reconstructed and the vertical motion can be determined. The shift for each projection with respect to the first one is shown in Fig. 4f (top) and the reconstructed slice from the vertically corrected projections in Fig. 4c . This first correction already improves the data quality noticeably. To further improve the reconstruction, also the horizontal movement should be corrected for. For this purpose the sinogram is taken into account. As the opening angle of the setup is approximately 0.25
• , the influence of the cone-beam geometry on the shape of the sinogram can be neglected. Therefore the single curves of the sinogram should follow a sine function, whereas deviations to the sine function are caused by horizontal movement of the sample. To account for this movement, well recognizable curves in the sinogram are selected based on visual inspection and fitted to a sine (Fig. 4d) . The deviations from the sine function are then determined for three different curves (Fig. 4f (bottom, black lines) ). The red curve denotes the mean of the three selected curves and the shifts are applied to the projections to account for the horizontal movement. One reconstructed slice from the projections aligned according to both the linogram and the sinogram is shown in Fig. 4e . Motion artifacts are significantly decreased and the objects appear as closed features. The remaining halo around the objects is caused by beam hardening due to the polychromatic illumination and also missing wedge due to the high absorption of the sample in one direction (see the sketch of the sample in Fig. 1 ).
3D visualization of the laboratory data In Figure 5a a longitudinal slice through the reconstructed volume is shown in which the red rectangles indicate the positions of the two synchrotron measurements at the GINIX setup. Close-ups of these regions can be seen in Fig. 5b and c. The large structures in the slice can be assigned to the cell bodies of the neuronal cells whereas the smaller structures belong to axons or unbound silver molecules. The arrow marks a part of the stained cell which is not resolved in the laboratory measurement. f Slice through the reconstructed volume of the high resolution synchrotron dataset. Compared to the other datasets in c and e, the structure of the internal silver distribution is resolved in higher detail whereas the coarse shape of the impregnated cell is the same. Scalebars: a 200 µm, b,d 100 µm and c,e,f 25 µm However, due to the small thickness of 0.95 µm of the virtual slice the shape of the individual cells cannot be reconstructed directly as the cell emerges over several adjacent slices. To get a better impression of the 3D structure of the cells an automatic gray value based segmentation of the pyramidal cell layer of the hippocampus is shown in Fig. 6a . The segmentation and visualization is performed with the software Avizo (FEI Visualization Sciences Group, Burlington, USA). The rectangle marks a single cell which was also recorded in the two synchrotron measurements. For comparison also a segmentation of this single cell is performed and can be seen in Fig. 6b . The cell body and the axon are clearly resolved. However, in the upper part of the cell it cannot unequivocally be determined whether the observed junction is formed by the cell itself or by a connecting cell which was not stained entirely. For a better visualization of the reconstructed volume see also Video 1.
GINIX setup
In order to achieve a higher resolution, corresponding measurements are carried out at the GINIX setup at the P10 endstation at DESY. Due to the cone-beam geometry of the setup, overview scans with a relatively large field of view of 373×373 µm 2 can be combined with zoom measurements of selected regions of interest recorded with a smaller effective pixel size and therefore higher resolution 29 (see Tab. 2). In Fig. 3c and d exemplary projections of an overview and a zoom scan are shown with a rectangle marking the position of the high resolution measurement with respect to the overview scan. At the top, the raw empty-beam corrected projections can be seen whereas the bottom images show the reconstructed phase using the CTF approach for weakly absorbing objects with four propagation distances taken into account. Each of the 1000 projections per distance taken over 180
• was recorded with an exposure time of 0.4 s (overview scan) or 0.2 s (zoom scan), leading to a total measurement time which is at least a factor of 125 (overview) or 250 faster than in the laboratory, not taking the readout time of the cameras into account. However, it should be noted that due to the non-restricted experimental time in the laboratory compared to the synchrotron, the laboratory scan was not optimized for speed but signal-to-noise ratio instead. The reconstruction of the 3D volume is carried out with the matlab implemented iradon function using the standard Ram-Lak filter. Slices through the volume at a b c d Figure 6 . 3D visualization of the Epon embedded sample. a Segmentation of the pyramidal cell layer of the hippocampus in the laboratory data, performed automatically with a gray-value threshold. b Automatic gray value based segmentation of one particular cell (marked with a rectangle in (a)), measured with the laboratory setup. c Automatic segmentation of the same cell in the lower resolution synchrotron scan. The higher resolution compared to the laboratory does not provide much more details concerning the outer structure of the cell. d Semi-automatic segmentation of part of the same cell in the high resolution synchrotron scan. The automatic segmentation also shows the cell in approximately the same detail as the previous two measurements. Only after manual segmentation of structures which do not have a connection but seem to belong to the cells, an advantage of the higher resolution becomes apparent on the level of the 3D shape reconstrution. Note that the missing connection might be caused by incomplete staining. a b Figure 7 . a Video 1: 3D visualization of the Epon embedded sample measured at the laboratory setup. In the beginning, the transverse slices through the volume are shown, followed by an automatic volume rendering of all stained structures and a segmentation of the pyramidal layer of the hippocampus. In the end, the single cell, also measured at the synchrotron, is shown. http://dx.doi.org/10.1117/12.2238496.1 b Video 2: 3D visualization of the Epon embedded sample measured at the synchrotron. For both datasets, the overview scan and the zoom measurement, the transverse slices through the volume are shown as well as a segmentation of the stained cells within this volume. http://dx.doi.org/10.1117/12.2238496.2 equivalent positions are shown in Fig. 5d -f, where e shows the part of the overview scan which corresponds to the field of view of the zoom dataset. Residual fringes are visible in the overview scan and also slightly in the zoom dataset, indicative for imperfect CTF phase retrieval. This can be attributed to the fact that the assumption of a weak object are not completely fulfilled. Further, a white halo around the dense objects (silver) is observed, which is a missing wedge artifact caused by the high absorption of the Epon block in one direction. For a better visualization of the three-dimensional shape of the cells, a (semi-)automatic gray value based segmentation is performed ( Fig. 6c and d and Video 2) for the same cell as for the laboratory measurements. In this procedure, stained objects which seem to belong to the cell but have no distinct connection enabling the fully automatic rendering, have been additionally segmented based on visual inspection.
Comparison with the laboratory results Considering the slices through the object shown in Fig. 5 , the benefit of the higher resolution measurements at the synchrotron are obvious. Inner cell structures are reconstructed with higher detail and parts of the cell, which are not resolved in the laboratory measurement can now be discerned (see arrows in Fig. 5e and f) . However, when considering the segmentation of the single cell, the advantages of the synchrotron measurements become less obvious, as the outer structure of the cell is very similar in Fig. 6b and c . Only by manually adding structures attributed to the cell or adjacent interacting cells, the benefit of the higher resolution becomes evident on the level of the three-dimensional shape reconstruction.
Hydrated Golgi-Cox stained brain slice
As Epon embedding represents a considerable alteration of the sample environment compared to the hydrated state of the brain slice, we have next scanned hydrated Golgi-Cox stained tissues. This preparation state is only suitable for synchrotron measurements, as it is less stable and hence requires significantly shorter scan times. One exemplary projection of the overview scan, again with a field of view of 373×373 µm 2 , is shown in Fig. 8c . Phase retrieval has been performed based on single distance CTF, assuming a weakly absorbing object. The position of the overview scan with respect to the whole slice can be seen Video 3. The rectangle in c shows the position of the zoom dataset in d recorded with an effective pixel size of 81 nm. Exemplary empty-beam corrected projections are shown in the top row (unreconstructed images), and the corresponding single distance CTF reconstructions in the bottom row. Although four propagation distances were measured in the case of the zoom dataset, only the first distance was used for phase retrieval, as a comparison between projections of different distances indicated that the silver had slowly dissipated from the cells. This is probably due to radiation damage. By only using the first propagation distance, this effect could be minimized. Both measurements were carried out with an exposure time of 1 s per projection and 1500 projections over 180
• (see Tab. 2 for a summary of the experimental parameters).
Longitudinal slices through the reconstructed volume using the matlab implemented function iradon with a standard Ram-Lak filter are shown in Fig. 9a and b. For comparison both slices are generated at approximately Figure 8 . Hydrated Golgi-Cox stained brain slice, scanned at the P10 beamline. a Sketch of the sample mounting. To maintain environmental conditions, the sample is stored in a liquid chamber consisting of two aluminum rings which are equipped with polypropylene foil on one side. A closed tomography-compatible chamber is obtained by gluing the aluminum rings together. b Image of a brain slice stored in such a liquid chamber. This can then be mounted on a sample holder for tomographic scans. c Projection of the sample at lower magnification with an effective pixel size of 182 nm. At the top, the flatfield-corrected projection is shown whereas the bottom image depicts the corresponding reconstructed phase, as obtained by the single distance CTF algorithm for a weakly absorbing object. The rectangle marks the position of the zoom dataset. c Flatfield-corrected projection of the zoom dataset, recorded with a pixel size of 81 nm (top). Phase retrieval has again been performed based on the single distance CTF algorithm (bottom).
the same position in the volume and the part of the overview scan corresponding to the zoom dataset is shown in higher magnification (Fig. 9a, left) . The benefit of the higher resolution of the zoom dataset is clearly visible as the edges of the cell are sharper and the inner cell structure is reconstructed in higher detail. Furthermore, small parts of the cell which are not resolved in the overview scan, can be observed in the zoom dataset (see arrow in Fig. 9b) . Fringes around the cell bodies are caused by an imperfect phase retrieval as the weakly absorbing object assumption is not fulfilled due to the high absorption of silver and and as only one propagation distance was used for reconstruction. The white halo is again identified as a missing wedge artifact due to the complete absorption of the x-rays when passing the aluminum rings. To obtain a better impression of the three-dimensional shape of the stained cells, a (semi-)automatic segmentation of selected cells is performed ( Fig. 9c and d) . Same color indicates a connection between the cells, either functional or just locally due to proximity of the cells, according to the gray value based segmentation algorithm, segmenting voxels which are combined in 3D and lie in a specified gray value range. Again some parts which seem to belong to the cell itself or a connected neighboring cell are added manually. Note, however, that the automatic segmentation worked much better in this case, compared to the Epon embedded sample, and only a few connections had to be segmented by hand. The cells are resolved in high detail both in the overview scan and the zoom dataset. Importantly, not only the axons but also the dendrites of the neurons are visible. The benefit of the higher resolution of the zoom dataset becomes particularly evident, as more and finer dendrites can be segmented automatically or by visual inspection (see also Video 4). This is an important aspect in view 
DISCUSSION
By combination of suitable preparation protocols and phase-retrieval algorithms we have demonstrated single cell sensitivity in relatively large volumes, both with synchrotron and laboratory tomography. Comparing both results, we saw that the the high resolution synchrotron setup does not necessarily yield more detailed reconstructions of a single cell, since the effective resolution and quality is also determined by the sample preparation. In fact, results point to an incomplete staining in the Epon embedded sample, which could be caused either by the staining procedure itself or by a leakage of bound silver during the embedding procedure. While the staining is still high enough to represent axons and cell body, smaller dendrites are not visualized. Since this obviously applies to both recordings, the shape of the reconstructed neurons then appears to be very similar for the synchrotron and laboratory setup. Notwithstanding a certain lack of resolution due to the staining process, the results still clearly demonstrate that issues of neuron distribution, shape, orientation, and spatial arrangement can already be addressed with advanced laboratory phase-contrast tomography, see for example the results presented in Fig. 3 . Contrarily, the results of the hydrated brain slice illustrate the superior resolution and image quality which can be obtained with the synchrotron nano-focus setup. A significantly higher number of dendrites can now be visualized, as in this case the high resolution of the instrument is matched with a more complete staining. In this way, far more details of the cell become visible. This level of detail, as represented by the reconstructions shown in Fig. 9 , would probably not be resolvable by the laboratory setup, even if the hydrated tissues could be kept stable for long acquisition times. This is an important issue for laboratory tomographic scans, and we have also shown here how temperature drifts and sample motion can be corrected for. Unfortunately, the corrections are presently restricted to center-of-mass motion. The procedure may be generalized to also account for rotational drift, but internal displacements expected for hydrated tissues during long scans have to be approached by a different method. Therefore, the important question of neuronal connectivity will certainly require synchrotron radiation. To this end, a future proof-of-principle investigation should address, whether and under which conditions synapses can be identified even in unstained tissues, and traced back to the respective cell bodies. Note that for connectivity issues, the dense network has to be imaged, and hence the sparse staining according to Golgi-Cox is not very suitable, as it stains selected neurons in a statistical manner. In fact, the merit of this method is precisely in highlighting single neurons against the background. In view of the difficulties in developing suitable staining techniques for connectivity issues, one may wonder whether one cannot circumvent staining altogether, and use only the density contrast of the native tissue. To provide a answer, at least in preliminary terms, we have imaged an unstained hydrated brain slice from the region of the cerebellum of a wild-type mouse. The experiment was performed at the P10 beamline at DESY with a photon energy of 8 keV, promising a better interaction and therefore contrast of the unstained material compared to 13.8 keV, and a tapered silicon waveguide with air filled channels. 30 The result is shown in Fig.  11 . The contrast within the hydrated tissue is clearly sufficient to resolve single cells or at least the cell body of the single cells and also to some extent the axons of the slightly larger Purkinje cells. However, even with this relatively high tissue contrast, inter-cell connections cannot be resolved despite the low energy and the relatively large propagation distance, both geared towards increased contrast. Therefore, we must conclude that the use of contrast-enhancing techniques is imperative for high resolution imaging of mouse brain, as the native contrast in hydrated tissue is not sufficient to resolve single cells with the resolution needed to address the issue of neuronal connectivity. Embedding the tissue in materials with a different electron density than water, e.g., paraffin 31 or, as shown here, staining with metallic ions might be a decisive step in sample preparation in order to have the sufficient resolution and contrast to decipher neuronal connectivity with the help of x-ray phase-contrast tomography. To this end, specific staining procedures should be considered, as for example the immunogold labeling already used in x-ray diffraction 32 and soft x-ray microscopy, 33 staining of lipids with osmium, 34, 35 a standard protocol in transmission electron microscopy, as well as adaptations of protocols developed for bulk staining of FIB-SEM brain imaging. 
